Tohoku-Oki earthquakes) and changes in seismicity using abundant focal mechanism solutions, and show that the post-seismicity is strongly affected by the stress perturbations due to the mainshocks.
To reduce the uncertainty in the ΔCFF values due to variability in receiver faults, we calculated the ΔCFF on the two nodal planes of the focal mechanism solutions for actual earthquakes. We used variable fault slip models inverted from tsunami waveforms for the source fault of the 2004 Sumatra-Andaman [Fujii and Satake, 2007] , 2010 Maule [Fujii and Satake, 2013] , and 2011 Tohoku-Oki [Satake et al., 2013] earthquakes. For receiver faults, we used the focal mechanism solutions of earthquakes between January 1, 1976 and September 31, 2015 among the Global Centroid Moment Tensor (GCMT) catalog [Dziwonski et al., 1981] . In evaluating the contribution of ΔCFF transferred from the megathrust earthquakes to seismicity changes, we used median of ΔCFF values of the 200 receiver faults in moving time window. As a result, the time series of the medians show significant positive ΔCFF values for a while after the occurrence of megathrust earthquakes and decayed in time, while those are neutral before them for the all megathrust earthquakes. The increased median ΔCFF values rapidly decayed to background level in case of the 2004 Sumatra-Andaman earthquake, whereas they are still elevated after 4 years in case of the 2011 Tohoku-Oki earthquake. Furthermore, the Coulomb index, a percentage of receiver faults with stress increases, at least, for one nodal plane [e.g., Hardebeck et al., 1998 ], showed higher values in the post-seismic period than those in the pre-seismic period for the all of three cases. Our result supports the stress triggering hypothesis that the static stress changes imparted by megathrust earthquakes played a significant role in triggering seismicity changes. The conclusion is opposite from a previous study using optimally-orientated receiver faults. Hence, the present results clearly suggest the importance of considering spatio-temporal heterogeneity of receiver faults.
We repeated our analyses for three different apparent coefficients of friction (i.e., μ' = 0.0, 0.4, and 0.8) as well as different fault slip models (i.e., slip models by Rhie et al. (2007) for the 2004 Sumatra-Andaman, Delouis et al. (2010) for the 2010 Maule, and Yokota et al. (2011) for the 2011 Tohoku-Oki) in order to verify how these differences affect our conclusion. While the higher apparent coefficients of friction were more consistent with static stress triggering hypothesis, the time series of the median of ΔCFF values showed similar patterns in most cases. The catalog dependency was also tested for the case of the 2011 Tohoku-Oki earthquake by using the F-net focal mechanisms as receiver faults.
We only considered the static stress changes transferred from co-seismic fault slips of the mainshock, while other possible factors such as the dynamic stress triggering, decreases in failure strength due to increase of pore-fluid pressure changes, postseismic slips, acceleration of plate around the world to determine the transfer of stress into the surrounding crust and neighboring faults. In many of these studies, the faults modeled are of a planar geometry given by the focal mechanism of the earthquake. The coulomb stress transferred is resolved onto optimally orientated planes or planes of a defined orientation. However this is generally an inaccurate representation of active faults. Numerous observations of the surface expressions of active faults and coseismic surface ruptures from earthquakes show that they do not follow a single straight line at the surface and instead show a variable geometry (strike, dip and magnitude of offsets). It is also well established in the literature that the geometry of receiver faults greatly affects the magnitude of transferred coulomb stress. Hence the coulomb stress generated during an earthquake may be an inaccurate representation if the full variability of the fault geometry is not included.
Preliminary results indicate that by including the variable geometry of the source and receiver faults, the coulomb stress pattern transferred to the receiver faults is more complex than calculated by a planar approach ( Figure 1 ). This hypothesis is tested using the central Italian
Apennines, an actively extending intra-plate region with a closely spaced, soft-linked array of faults. Holocene (15±3kyr) fault scarps are well exposed at the surface due to the carbonate bedrock lithology and low erosion rate. These fault scarps show variable geometry on a range of scales, from metre to kilometre scale corrugations and variations in the Holocene throw and slip direction along the fault length. These variations are well known due to extensive fieldwork conducted in the region and good visibility of fault scarps in satellite imagery. The Italian Apennines also has an extensive historical record which is complete for magnitude >5.5 earthquakes since 1349. These earthquakes can be assigned to faults with varying degrees of certainty, based on the distribution and magnitude of shaking. The effects of including variable normal fault geometry into coulomb stress calculations will be analysed using this structural and earthquake database. In particular, an earthquake sequence in 1703 where ruptures propagated from north-west to south-east is investigated, to see if the inclusion of the variable geometry can explain the sequence.
Aftershocks following the 2009 L'Aquila earthquake will also be investigated to see if their distribution can be better explained by utilising variable fault geometries compared to planar faults.
normal faulting, fault geometry, coulomb stress transfer In-site stress estimation and evaluation in IODP expedition Site C0002, NanTroSEIZE
In-site stress estimation and evaluation in IODP expedition Site C0002, NanTroSEIZE DCDA is a kind of core based method, which has been proposed recently by the authors (Funato at al., 2012 , Funato & Ito, 2015 , which allows us to estimate the state of in-situ stress from cross-sectional shape of boring cores. The integration leads to improve practicality and compensate disadvantages compared with the case using each data solely for the stress determination. This new concept is illustrated in Figure 1 , where we assume for simplicity that the borehole is vertical and a core sample is retrieved from the same depth of the HF test interval. This new concept provides several data set available to estimate the magnitude of the maximum horizontal stress SHmax and its orientation in multiple ways, while the magnitude of the minimum horizontal stress Shmin must be estimated only from the shut-in pressure Ps observed in the HF test. The extra data sets lead to improve practicality so much that the validity of results can be confirmed from their consistency, and they provide flexibility to determine the stress state completely, even if the data set will be missed partially. If the compliance C of the fracturing system is not appropriately small, the reopening pressure Pr corresponding to Eq. (1) cannot be detected by the HF test (Ito et al., 1999; 2005; 2006) . It means that the magnitude of SHmax cannot be determined by using Eqs.
(1) & (2) and the data set "a" in Figure 1 . This problem can be solved by using Eqs. (2) & (3) and the data set "b" combining the core data instead of Pr. If the tensile strength T of rock can be determined using the core sample, it may be possible to roughly estimate SHmax from the breakdown pressure Pb which is another distinctive pressure observed in the HF test. However, it should be noted that the relationship between Pb and in-situ stresses is complicated to be changed depending on the effect of pore pressure, and it is not easy to correctly measure T at the in-situ condition. On the other hand, even if the impression packer is not available for detecting the induced fracture orientation, the orientation of SHmax can be estimated as that of the maximum diameter of the core sample, i.e. the data "e". The orientation of SHmax can be estimated also from the other stress indicators, i.e. the data "f", such as the borehole breakout (BO) and the drilling induced tensile fracture (DITF) which can be detected by the borehole wall image logging. This method was successfully applied for (i) the stress measurement in a central region of the Kumano forearc baisn at a water depth of 2054 m using a 1.6 km riser hole drilled in the Integrated Ocean Drilling Program (IODP) Expedition 319 (Ito et al., 2013) and (ii) the stress measurement at a depth of about 1 km of a deviated oil well in Japan.
A new approach to determining stress state in the crust on the basis of well data using borehole imagers The study is devoted to the inverse problem of the stress state in the crust determination via the opportunities provided by drilling (it was developed for oil wells drilling). In particular, the proposed study introduces a methodic to define the maximum horizontal stress magnitude at the well's vicinity with high precision using the log data having the other stress state parameters known.
The basic concept of the introduced method is the relationship between the stress state of the medium and the distribution of the cracks in the material. Knowing the six independent parameters of the stress state in the medium, one is able to determine the probable spatial distribution of cracks in this material. An attempt to find a solution of the inverse problem is introduced here:
in case one knows the spatial distribution of cracks in the medium it is likely to define the processes which induced these cracks and define the stress state of the area.
In case of drilling such processes might be divided into two groups: the first is closely connected to the tectonic stress state in the wide area, while the second group contains the stress alteration during the drilling process. The second group is easier to analyze as there are developed approaches to define the stress alteration. Thus once one knows the spatial distribution of cracks near the drilled well and has the drilling process analyzed, it becomes possible to get some basic information regarding the tectonic stress.
There are special logging methods known as borehole images which are sufficient to define the spatial distribution of the cracks near the wellbore. For a typical well there might be up to several thousand cracks with such information provided. Using the various types of images allows defining, which cracks are active (in terms of oil engineering it means that oil can penetrate through them). This factor plays a key role in the methodic as it was stated by the researchers of the same problem: the active cracks are in correlation with the friction properties of the medium:
in fact it appears that the active cracks should all be in the area bounded by the Mohr-Coulomb failure criterion curve if using the Mohr circle.
Every crack is represented by a point at the Mohr stress diagram. Its position is determined by three principal components of the stress tensor and three angles determining its orientation relative to the stress tensor principal axes. Assuming that two principal stresses and all directions are known one can adjust the last variable (maximum horizontal stress magnitude) to move the point representing a crack. Adjusting the horizontal stresses for all cracks simultaneously (keeping in mind the general rules of continuity, equilibrium and rheology) leads to an array of points' sets representing the cracks at a normalized Mohr stress diagram. The set where all the active cracks are bounded by the Mohr-Coulomb failure criterion might be the preferable one with the maximum horizontal stress magnitude being defined. Using such a methodic allows determining the stress state near the wellbore with the lowered uncertainty (compared to other methods). The next step is to define the tectonic stresses on the basis of the stress state near the wellbore.
This methodic was successfully applied for several datasets for real oil production wells and the determined stress states were comparable with the geomechanical models for these wells and were characterized by lowered uncertainty. The methods of adjusting the maximum horizontal stress in a proper way for all the cracks and the way of considering the medium rheology are to be developed further but the mathematical models standing for these points in case of elastic medium are already The estimated lower bound of the maximum fluid pressure P* are 0.16-0.19 and 0.29-0.46 in the hanging wall and footwall, respectively. The hanging wall has smaller P* compared to the footwall in the Nobeoka Thrust. We propose the two possible explanations for the spatial variation of P*.
Firstly, the spatial variation of pore fluid pressure P f affect directly the spatial variation of P* around the Nobeoka Thrust. Secondary, P* are controlled by the mechanical properties of the hanging wall and footwall. Laboratory experimental studies on rocks from the exhumed Shimanto belt along the Nobeoka Thrust indicate that phyllitic shale of hanging wall is stronger than mélange of footwall. The results are consistent with logging data (Hamahashi et al. 2013, G-cubed 14, 5354-5370) and the spatial variation of P* inferred from development of mode I cracks. It is an important factor to understand fault activities how the strength of a fault plane is recovered and how the stress on the fault plane accumulates during an earthquake cyclic interval.
Recently, in-situ stresses associated with fault activities have been measured in and around the faults (e.g., Ikeda et al., 1996a; Ikeda et al., 1996b; Ikeda et al., 2001; Tsukahara et. al., 2001; Omura et al., 2004; Yamashita et al., 2004; Lin et al., 2007; Yabe et al., 2010; Yamashita et al., 2010; Yabe and Omura, 2011; Lin et al., 2013) . However, it is difficult to make clear time variation of stress state in and around a particular fault in the field because the interval of an earthquake recurrence cycle is very long (about a thousand years or more as for cases of inland active faults in Japan). An alternative way is suggested to measure in-situ stress in and around different faults that are in different stages during the earthquake recurrence intervals, and that reflect different levels of the strength recovery and stress accumulation on the fault planes. In this presentation, examples of downhole in-situ stress measurements are introduced concerning time variations of stress state.
The hydraulic fracturing method is applied to estimate stress magnitudes, assuming that one of three principal stresses has vertical direction and is equal to the overburden pressure. Because the measuring system had large compliance (i. e., large volume of water is necessary to raise pressure in measuring borehole section), the tensile strength of the borehole rock is estimated and apply to next equations: SH = 3Sh -Pb + T -Pp, Sh = Ps; SH maximum horizontal principal stress;
Sh minimum horizontal principal stress; Pb breakdown pressure; Pp pore water pressure; Ps shut-in pressure; T tensile strength of borehole rock. The directions of horizontal principal stresses were estimated by observations of borehole breakouts and/or drilling mud pressure induced tensile fractures due to borehole wall imaging logging tool (BHTV borehole televiewer).
Those examples suggested that the stress on the fault plane drops in association with the earthquake and increases toward the next earthquake. However, it is not clear whether the stress increase linearly with time, or change largely just after an earthquake, or increase rapidly just before the earthquake. It is necessary to measure repeatedly in-situ stress to detect effectively the time variation of stress state in and around a fault after an earthquake.
[References] Trough, the northeastern Taiwan is also influenced by the back-arc extension, besides convergence.
Therefore, the study at NE Taiwan provides insights into understanding the stress, kinematic and structural evolution of mountain building processes.
According to fault slip inversion and cross-cutting relationship on the core examination of 600m metagranite and field observation, the sequence of structure development associated with stress change in Hoping region is identified as: (1) The geometry of oblique-rifting basin is strongly related with the angle (α) between the trend of rift and that of regional major extensional stress. The main purpose of this study is to investigate characteristics of geometry and kinematics of structure and tectono-stratigraphy during the evolution of oblique-rifting basin. In this study, we simulated the oblique-rifting basin model of various αwith Particle Flow Code 3-Dimensions-(PFC-3D). The main theory of PFC-3D is based on the Discrete Element Method (DEM), in which parameters are applied to every particle in the models.
We applied forces acting on both sides of rift axis, whichα are 45 , 60 , 75 and 90 degrees ,respectively, to simulate basin formation under oblique-rifting process.
The study results of simulation models indicated that:1. the en echelon faults in the rifting basins are sub orthogonal to the trend of major extensional stress; 2. the density of en echelon faults in rift basins decreases gradually when αis close to 45 degrees ; 3. in these models, the α angles, which are 45 , 60 , 75 and 90 degrees, correspond to the angles of 0, 15 -20 , 25 -30 and 50 -60 degrees between the rift trend and en echelon faults trend. According tothe simulation results, the possible dircetions of major extensional stresses during the formation of oblique-rifting basin can be speculated.
oblique-rifting basin, discrete element method, PFC-3D
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